Weak absorption of light near the absorption band edge of a photovoltaic material is one limiting factor on the efficiency of photovoltaics. This is particularly true for silicon thin-film solar cells because of the short optical path lengths and limited options for texturing the front and back surfaces. Directing light laterally is one way to increase the optical path length and absorption. We investigate the use of a periodic array of apertures originated from bowtie aperture antennas to couple incident light into guided modes supported within a thin silicon film. We show the presence of the aperture array can increase the efficiency of a solar cell by as much as 39%. C 2011 Society of Photo-Optical Instrumentation Engineers (SPIE).
Ridge aperture antenna array as a high efficiency coupler for photovoltaic applications 1 Introduction
Thin-film solar cells have the potential to dramatically improve the economics of photovoltaics. The thickness of active region in a thin-film cell is generally <2 μm. 1, 2 This allows the semiconductor deposited on and supported by inexpensive substrates such as glass, which further reduces the manufacturing and handling costs. The low-cost, long-term availability, low-toxicity, and mature processing technology continue to make silicon a good choice for photovoltaic applications. 1 However, the optical absorptivity of crystalline and polycrystalline silicon, particularly near the band edge, is poor. For example, the absorption depth for crystalline silicon is <100 nm for λ 0 < 407 nm; however, it is ∼10 μm for λ 0 > 710 nm and approaches hundreds of micrometers near the band edge. This necessitates the use of relatively thick pieces (200 to 300 μm) of silicon to effectively capture the solar spectrum. In addition to the optical requirements for the semiconductor, the minority carrier diffusion length must be several times the semiconductor thickness in order for all carriers to be collected. 1, 3 This has led to the widespread use of wafer-based crystalline silicon solar cells 1, 2 where the wafers contribute a substantial portion of the expense of the module. 2 The electrical and manufacturing cost benefits in thin-film silicon solar cells come at the expense of the optical performance. In wafer-based crystalline solar cells, pyramidal structures are typically employed to increase the optical path length. These structures are 2 to 10 μm thick and thus are not suitable for thin-film solar cells. 1, 2 Recently, plasmonics have been proposed as one way of trapping light in thin semiconductor films. [1] [2] [3] [4] [5] These designs incorporate metal features to couple incident light into the thin film. They generally combine confining light in the immediate vicinity of the metallic structure, exciting local surface plasmons (LSP) and/or scattering light into propagating modes within the semiconductor film to increase the optical path length. The propagating modes can be either based on long-range surface plasmon polaritons (SPP), which are trapped along the semiconductor/metal surface or confined in a semiconductor. Several different plasmonic lighttrapping approaches have been proposed. These include placing metallic nanoparticles on the front surface of the cell 2, 4 or embedding them within the semiconductor. 1 Similarly, patterned grating-like features can be incorporated into the cell, either on the front surface 6 or etched into the back conductor. 1, 3, 5 In this work, we study an aperture array on the front surface of the semiconductor. Similar to the front surface gratings, the apertures trap the light in the semiconductor via scattering in addition to LSP resonances. We focus on a 225-nm thick polycrystalline silicon film, with the goal of achieving broadband, polarization-insensitive absorption enhancement. The antenna array is designed using bowtie apertures as basic elements. In isolation, these apertures have been shown to be able to couple light into propagation mode parallel to the surface with high efficiency. 7 In this letter we optimize an array of these apertures to maximize the fraction of the light absorbed by a thin silicon film. This involves lowering the reflection, as well as losses, due to absorption in the metal. Figure 1 shows the geometry of our system. It consists of a glass superstrate, metal apertures, a silicon film, and an optically thick metal layer. We select this configuration so that the metal apertures can be patterned using e-beam lithography or nanoimprint lithography which is facilitated by limiting the pattern thickness to 25 nm. An advantage of the front-contact configuration is that the aperture array can serve as the front contact for the solar cell. Silver is selected for the metal apertures and the top metal layer because of its low losses at optical frequencies. This silver layer is encapsulated between the fused silica and silicon; therefore oxidation will not be a concern, although in an actual device a barrier oxide is required to prevent migration of silver into the semiconductor. The total thickness of the silicon layer is h = 225 nm. Optical properties of silicon and silver are taken from Refs. 8 and 9, respectively, and that of glass is taken as n = 1.46 across the spectrum of interest.
Numerical Analysis
The geometry of the aperture array is defined by the outline dimension a, periodicity p, gap dimension g, and the two angles α and β, as shown in Fig. 1(a) . Radii of curvature r 1 , r 3 , and r 4 are selected to be 25, 25, and 10 nm, respectively, to represent practical fabrication. We optimize the structure in Fig. 1 using the frequency domain finite element method. 10 The results indicate the optimized absorption are obtained for α = 75 deg and β = 110 deg. The periodicity of the array is based on the outline dimension, p = a + 150 nm. The thickness of the metal portions of the structure (the separation between adjacent apertures) is fixed at 50 nm. The gap g is fixed at 25 nm, which is limited by typical nanofabrication methods. A plane wave is normally incident from the glass side.
To maximize the open area of the array and remove the polarization sensitivity, we tessellate bowtie apertures. The bowtie aperture is one geometry of ridge waveguide which has been studied at optical frequencies. 11 When isolated (not in an array), bowtie apertures confine the electric field to the gap region, defined by g, which can be much smaller than the wavelength of light. This feature has been previously applied to nanolithography 12 and nanometer scale sensing. 13 An additional feature of bowtie apertures is that they produce a magnetic dipole which couples efficiently to and from SPP and guided modes along the film that the aperture is defined in Refs. 7 and 14. In these previous studies, bowtie apertures show large polarization sensitivity, i.e., light coupling is orders of magnitude higher in one direction (the direction across the gap) than the other. By orienting the bowtie apertures in both directions as shown in Fig. 1 , the polarization sensitivity is minimized for photovoltaic applications.
We determine the power dissipated in silicon and silver layers as well as the light that is reflected from the system over the wavelength range λ 0 = 250 to 1110 nm in 5 nm increments. Since the materials have a negligible magnetic response at optical frequencies, the absorption at any point is given by: P = 0.5σ |E| 2 , where σ is the conductivity of either silicon or silver (no power is dissipated in the glass). We determine the fraction of power absorbed by normalizing P (integrated over the volume) to the power in the normally incident plane wave. Figure 2 (a) shows the reflectance R (= 1−A Ag −A Si , where A is absorption) for the aperture array with a = 750 nm, along with a = ∞ (a 225-nm thick silicon slab with no aperture array, but with a silver back layer). The figure shows that in the near-IR the aperture array reflects considerably less light than the bare silicon film. Figure 2(b) shows how much light is absorbed in the silicon and silver layers, respectively. Evidently there is enhanced absorption in silicon in the near-IR region, where the antenna array is designed for, whereas absorption in silicon Fig. 2(b) . At short wavelengths, 465 and 545 nm, the aperture array does not significantly affect the field and the peaks are from Fabry Pérot (FP) resonance. Additional enhancement near the metal corners is due to LSP. The minimum absorption in Figs. 2(b) and 2(f) is caused by FP antiresonance. The peaks at 920, 980, and 1010 nm are caused by modes in the silicon film that are being scattered off the edges of the apertures, forming standing waves as shown in Figs. 2(g) and 2(h). Collectively, light being absorbed at the wavelengths near these absorption peaks provides an enhancement compared to a bare silicon film. Figure 3 shows a comparison between the absorption in silicon with aperture arrays normalized to the bare 225-nm thick silicon film at wavelengths up to 1100 nm, and for different aperture size a. There is little effect at short wavelengths, <400 nm. From 400 to 700 nm, we see enhancements due to FP modes in the film which have little dependence on the aperture size. These modes are slightly shifted from their locations in the bare silicon slab due to the presence of the aperture array. For wavelengths longer than 700 nm, we see large enhancements dependent on the aperture size. These modes involve the aperture array trapping light in guided modes in the silicon film, the interference of which are observed as the standing waves in Figs. 2(g) and 2(h).
Results and Discussion
We consider the power the silicon film captures by assuming that each photon absorbed in the silicon generates a single carrier pair which has the energy of the band gap (1.11 eV). Figure  4 (a) shows the results of this calculation for a = 750 nm as well as the bare silicon film. In this case we have assumed the AM1.5 solar spectra. Although there is a slight reduction in power generation at a peak below 500 nm, the photons in the near-IR are much more efficiently absorbed.
We integrate over the solar spectra to determine the total power (per unit area) absorbed, normalized to the total intensity of the AM1.5 spectra to determine the efficiency. The maximum efficiency of our design occurs for an aperture size a = 900 nm, where 12.1% of the incident light is absorbed by the silicon film. Figure 4(b) shows a comparison to the bare 225-nm thick silicon film which absorbs 8.65% of the light. Therefore, the total enhancement is 39%. Note this enhancement is thickness dependent, and is higher in thinner films. Figure 4 shows that smaller apertures, where a greater portion of the surface is blocked by silver, have a lower efficiency. The efficiency is nearly constant from a = 500 to 1000 nm, above which point it starts to diminish as the aperture array approaches the limiting case of the apertureless film. The invariance with the aperture size is due in part to the convolution of the solar spectra with the absorption curve in the structure which leads to a relatively constant efficiency in the near-IR. The aperture array causes light which would not be absorbed by a bare silicon film to match coupled modes at a wavelength determined by the aperture size. Figure 3 shows that the geometry of the aperture array scatters light into multiple modes. For comparison we also simulated a simpler fishnet structure (square apertures or two-dimensional gratings formed by thin metal wires) with the same open area and periodicity (a = 700) as the bowtie aperture array. The overall absorption in silicon is 8% better than a bare 225-nm thick film (9.5% of the light is absorbed). This shows that the bowtie aperture geometry significantly contributes to the enhancement.
Conclusion
In conclusion, we demonstrated a tessellated bowtie aperture array for enhancing absorption in silicon thin film photovoltaic solar cells. The aperture array presented in this work is polarization insensitive, and is designed as broadband as possible. It scatters light at near-IR wavelengths to guided modes trapped in the silicon film. The results showed that the aperture array can enhance solar energy coupling into a thin silicon film by up to 39%.
